INTRODUCTION
============

A DNA double-strand break (DSB) is one of the most deleterious lesions that can occur in cells because even a single unrepaired DNA DSB can stop the cell cycle and induce cell death ([@gks1326-B1],[@gks1326-B2]). To protect themselves from DSBs, cells have developed at least two major DNA DSB repair pathways: homologous recombination (HR) and classic non-homologous end joining (C-NHEJ) ([@gks1326-B3],[@gks1326-B4]). To enact repair, HR uses extensive sequence homology---generally sequences longer than 30 nucleotides (nt)---and generates repaired products that are essentially 'error free'. In contrast, C-NHEJ requires only 0--4 nt of homology, but because of attendant insertions and deletions is consequently more 'error-prone'. Recently, a sub- or back-up pathway of C-NHEJ, alternative-NHEJ (A-NHEJ) that has features reminiscent of both HR and C-NHEJ has been described ([@gks1326-B5; @gks1326-B6; @gks1326-B7]). A-NHEJ, like HR, requires homologous sequences to mediate the repair reaction. In the case of A-NHEJ, however, only 5--25 nt of homology (often referred to as 'microhomology') is needed. Additionally, because its reaction mechanism always results in accompanying deletions, A-NHEJ is therefore similar to C-NHEJ in that it is 'error prone' ([@gks1326-B8]). Depending on the organism and various parameters (e.g. position in the cell cycle, cell type, etc.), HR, C-NHEJ and A-NHEJ are differentially used ([@gks1326-B4],[@gks1326-B8; @gks1326-B9; @gks1326-B10; @gks1326-B11]). Bacteria ([@gks1326-B12]) and lower eukaryotes like yeast ([@gks1326-B13]) use HR almost exclusively for all DSB repair events. In contrast, higher eukaryotes such as humans use C-NHEJ more often than HR, and C-NHEJ is by far the predominant repair mechanism used during G0/G1 phases in human cells ([@gks1326-B7]). This usage bias is, however, not exclusive. For example, during late S and G2 phases in human cells, HR is more active because a proximal homology donor becomes available in the form of a sister chromatid ([@gks1326-B14],[@gks1326-B15]). In summary, higher eukaryotes have multiple options available to them in terms of the pathways that can be used to repair a DSB. This pathway choice flexibility is beneficial in certain circumstances and has evolutionarily been selected for. It is clear, however, that as each pathway makes a biologically and functionally distinct product, this choice must be tightly regulated such that the right product is generated in the correct biological context.

In addition to DSB repair, the C-NHEJ pathway is also required for variable(diversity)joining \[V(D)J\] recombination, class switch recombination (CSR) and telomere maintenance ([@gks1326-B16],[@gks1326-B17]). V(D)J recombination is the initial step of antigen receptor maturation that occurs in early B- and T-lymphocytes, whereas CSR occurs subsequently and exclusively in more mature B-cells. Although V(D)J recombination and CSR are lymphoid-restricted processes, all nucleated cells in the human body have chromosomes, and all linear chromosomes have ends ('telomeres'). Telomeres consist of a repetitive tract of DNA that assembles into a structure called a t-loop, which is a variation of a classical D-loop ([@gks1326-B18]). The t-loop is coated by a proteinaceous cap that essentially keeps the chromosome ends invisible to all of the DNA DSB pathways. The core proteins that bind to telomeres are collectively called 'shelterin' ([@gks1326-B19],[@gks1326-B20]). There are, additionally, a bevy of shelterin-associated proteins found at telomeres, and unexpectedly some of these correspond to C-NHEJ factors. For example, the Ku heterodimer, and possibly DNA-PK~cs~, is part of the t-loop-associated complex ([@gks1326-B21; @gks1326-B22; @gks1326-B23]). Interestingly, telomere protection by the Ku complex is essential in human cells because Ku loss-of-function mutations provoke cell death triggered by telomere dysfunction ([@gks1326-B24],[@gks1326-B25]). All of the C-NHEJ factors, however, are unlikely to be involved in telomere maintenance, and there is, for example, little evidence for a role for DNA Ligase IV (LIGIV), or its accessory factors, X-ray cross-complementing group 4 (XRCC4) and XRCC4-like factor (XLF) in normal telomere maintenance.

Mutation of any C-NHEJ component results in pathological phenotypes. For example, Ku70, Ku86 and DNA-PK~cs~ knockout mice are viable, but they present with severe growth defects, severe-combined immune deficiency (SCID) and profound hypersensitivity to ionizing radiation (IR) ([@gks1326-B26; @gks1326-B27; @gks1326-B28]). In humans, the phenotypes are actually more serious. There are no known Ku70 or Ku86 defective patients, a fact that has been correlated with Ku's essential role in telomere maintenance ([@gks1326-B24],[@gks1326-B29],[@gks1326-B30]), and only one hypomorphic DNA-PK~cs~-deficient patient has been reported ([@gks1326-B31]), suggesting that, like Ku, complete DNA-PK~cs~ loss-of-function mutations may not be tolerated in humans. LIGIV and XRCC4 knockout mice are embryonic lethal, and although representative MEFs derived from these animals are viable, they show severe IR sensitivity and defects in V(D)J recombination ([@gks1326-B32],[@gks1326-B33]). Seven human LIGIV patients have been reported so far in the literature, and four of them presented with a 'LIGIV syndrome', which is characterized by severe IR sensitivity, chromosomal instability, unusual facial features and developmental and growth delay ([@gks1326-B34]). The other LIGIV patients displayed only a subset of these features but were also afflicted with leukemia and radiation sensitive SCID ([@gks1326-B35]). Importantly, however, all seven LIGIV patients described to date had non-null, hypomorphic mutations ([@gks1326-B34; @gks1326-B35; @gks1326-B36]), suggesting that LIGIV, like Ku70, Ku86 and DNA-PK~cs~, is essential.

Michael Lieber's laboratory has studied the function of LIGIV for V(D)J recombination and IR sensitivity in the human B-lymphoid precursor cell line, NALM-6 ([@gks1326-B37]). These researchers generated, by classical gene-targeting technology, a LIGIV-deficient NALM-6 cell line, which was viable. The viability of the cell line was unexpected based on the phenotypes of the knockout mouse models and the reports for LIGIV patients described earlier in the text. One possible explanation for these results is that the loss-of-function of LIGIV may be tolerated specifically only in NALM-6 cells, but that this condition is not generally applicable. This hypothesis takes into account the fact that lymphoid cells tend to use more HR than C-NHEJ ([@gks1326-B38]) and is consistent with the demonstration that NALM-6 cells are specifically hyper-recombinogenic ([@gks1326-B39]) so that the absence of LIGIV might be less toxic to NALM-6 than most of the other cell types ([@gks1326-B40]). One way to address these issues would be by inactivating LIGIV in a non-B human somatic cell line.

Accordingly, we report here the inactivation of LIGIV in the epithelial human colorectal cancer cell line, HCT116, using recombinant adeno-associated virus (rAAV) gene-targeting methodologies ([@gks1326-B41],[@gks1326-B42]). Two rounds of gene targeting were used to generate a LIGIV-null HCT116 cell line, which was viable. The ability to obtain a viable LIGIV-null clone is consistent with the existence of the LIGIV-null NALM-6 cell line ([@gks1326-B40],[@gks1326-B43],[@gks1326-B44]) and suggests that neither LIGIV nor C-NHEJ is essential in somatic cells. Importantly, however, a subsequent attempt to inactivate RAD54B, a key, albeit non-essential, HR factor proved unsuccessful. Thus, human somatic cells can survive with reduced HR or C-NHEJ, but they are not viable when they have deficits in both pathways. Finally, the role of LIGIV in telomere dysfunction was addressed using two disparate methodologies. In one instance, a dominant negative version of a key shelterin component, telomere recognition factor 2 (TRF2DN), was overexpressed, whereas in another instance, rapid telomere loss was induced by the functional inactivation of Ku86. Surprisingly, LIGIV was required for the chromosome fusion events mediated by TRF2DN overexpression, but not those induced by the absence of Ku. All of these observations suggest that although LIGIV (and by extension, C-NHEJ) is not essential for normal human telomere maintenance nor human somatic cell viability, it nonetheless does have important roles in maintaining cellular homeostasis including, specifically, genomic stability following telomere dysfunction.

MATERIALS AND METHODS
=====================

Cell culture
------------

HCT116 cells (ATCC) were grown in McCoy's 5A media supplemented with 10% fetal calf serum and 100 U/ml penicillin and 100 U/ml streptomycin and glutamine. All cells were grown at 37°C in a humidified incubator with 5% CO~2~.

Targeting vector construction
-----------------------------

The LIGIV targeting vector was constructed using basic rAAV methodologies as described ([@gks1326-B41],[@gks1326-B42]). The right and left homology arms were amplified by polymerase chain reaction (PCR) using genomic DNA purified from wild-type HCT116 cells as the template. The primers used to make left homology arm of LIGIV-targeting vector were P2.1 and P2.2. The right homology arm was constructed by PCR using the primers P2.3 and P2.4. As fusion PCR templates, the two arm constructs and a 4-kb *PvuI*-digested fragment of the plasmid Need-A-Knockout-neomycin resistance (pNeDaKO-Neo) vector ([@gks1326-B41]) were used. Fusion PCR products were amplified by P2.1 and P2.4 primers and then purified by gel-extraction. The fusion construct was subsequently *NotI* digested and then cloned into a *NotI*-digested plasmid adeno-associated virus multi-cloning site (pAAV-MCS) vector. For LIGIV screening, the RArmF/KO3′R primer set and the P1F/P2R primer set were used for the first and second rounds, respectively.

Construction:

P2.1:

5′-ATACATACGCGGCCGCGCAGAAACATGCAGTATTTTCCCCTA-3′

P2.2:

5′-GCTCCAGCTTTTGTTCCCTTTAGCAAAGCGGTGATGAATCTTCTCGT-3′

P2.3:

5′-CGCCCTATAGTGAGTCGTATTACAGATGGAAAAGATGCCCTCAAACT-3′

P2.4:

5′-ATACATACGCGGCCGCTTGTGTTTTCTGCACTATTTCTATTC-3′

Screening:

RArmF:

5′-CGCCCTATAGTGAGTCGTATTAC-3′

KO3'R:

5′-AAAATGAGACATCATTCCACCCCGTGAT-3′

P1F:

5′-GGGTTGGAGCAAAACAGTTATTAAATGTAG-3′

P2R:

5′-CAATTGAGTCTAAAAGGTCGTTTACTTGC-3′

The Rad54B-targeting vector construction and screening for correctly targeted clones were performed in a fashion similar to that described earlier in the text. The 661 bp of DNA needed for the left homology arm was generated by PCR using the E3-LARM-NotI-F1 and E3-LARM-SacII-R1 primers. The 1620 bp of right homology arm DNA was constructed by PCR using the E3-RARM-KpnI-F1 and E3-RARM-NotI-R3 primers, and the vector was assembled in a three-step ligation reaction. Primer sets \#1 and 2 were subsequently used for screening for correctly targeted clones. Primer set \#1 consisted of Rad54B-E3-CreS-F1 and Rad54B-E3-CreS-R1. Primer set \#2 consisted of Rad54B-E3-LARM-SC-F4 and NeoR2.

Construction:

E3-LARM-NotI-F1:

5′-ACATAAGCGGCCGCTTTAAGTATTGATTTTAGTATTGAGAAATTTAAC-3′

E3-LARM-SacII-R1:

5′-GGCGGCCCGCGGCTAAAAGAAACAAATATATATTTAAATCAGAACTC-3′

E3-RARM-KpnI-F1:

5′-CCGGTACCGACTGCTTTTTATTGATAAGGTTTATGCTTGACC-3′

E3-RARM-NotI-R3:

5′-ACATAAGCGGCCGCGGTGATGGGGAAAATGACATATGTTATTTAACTGG-3′

Screening:

Rad54B-E3-CreS-F1:

5′-GAGTTCTGATTTAAATATATATTTGTTTCTTTTAG-3′

Rad54B-E3-CreS-R1:

5′-CAAGCATAAACCTTATCAATAAAAAGC-3′

Rad54B-E3-LARM-SC-F4:

5′-CCAACATAGTGAGATTACCATTATCTCACC-3′

NeoR2:

5′-AAAGCGCCTCCCCTACCCGGTAGGGCG-3′

Packaging and isolating virus
-----------------------------

AAV-293 cells were grown in Dulbecco's modified Eagle's medium (DMEM) media supplemented with 10% fetal calf serum and 100 U/ml penicillin and 100 U/ml streptomycin and glutamine at 37°C in a humidified incubator with 5% CO~2~. The cells were subcultured into a 10 cm culture dish 1 day before transfection. pAAV-replication/capsid (RC) and pAAV-helper plasmids from the AAV Helper-Free system and the targeting vector (8 µg of each) were co-transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. Virus was harvested 2 days after transfection by collecting the cells in 1 ml DMEM media and then performing a freeze and thaw cycle three times with vigorous vortexing in between. The resulting cellular debris was clarified by centrifuging at 13 000 rpm for 2 min, after which the virus-containing supernatant was collected and used for a subsequent infection.

rAAV infections
---------------

HCT116 cells were plated on a six-well plate 1 day before infection. When the cells were ∼65% confluent, fresh media (1 ml) was added with an adequate amount of virus. After a 2-h incubation at 37°C, 4 ml of fresh media was added to the virus-containing media. Two days after infection, the cells were trypsinized and transferred at 1000 cells/well on 96-well plates and selection was started using 1 mg/ml gentimycin 418 (G418).

Isolation of genomic DNA and genomic PCR
----------------------------------------

Genomic DNA for PCR screening was isolated using a Gentra Puregene Cell Kit according to the manufacturer's instructions. The DNA was dissolved in a final volume of 25 µl, 1 µl of which was subsequently used in each PCR reaction.

Immunoblotting
--------------

LIGIV expression was characterized by first preparing nuclear extracts using Sigma's CelLytic NuCLEAR Extraction Kit according to the manufacturer's instructions. Nuclear extracts (30 µg) were electrophoresed on a 7.5% SDS-polyacrylamide gel and a rabbit, anti-human LIGIV antibody (Serotec) was used at a 1:1000 dilution. To screen for complemented clones, whole cell extracts were prepared with radio immunoprecipitation assay (RIPA) buffer. LIGIV (Abcam) and HA (hemagglutinin antigen) antibodies (Covance) were used at 1:1000 and 1:5000 dilutions, respectively. Actin expression was used as a loading control using an actin antibody (SantaCruz) at a 1:250 dilution.

Etoposide sensitivity
---------------------

Etoposide sensitivity assays were performed as described ([@gks1326-B45]) with a slight modification. Three hundred to fifty thousand (depending on the drug concentration and the cell line involved) cells were plated ∼17--19 h before drug treatment. Etoposide was dissolved in dimethyl sulfoxide to generate a 10 mM stock solution. The cells were treated with etoposide at varying concentrations and then incubated for an additional 7--10 days. The cells were subsequently fixed with a solution of 10% methanol and 10% acetic acid and stained with crystal violet. A colony was scored as viable when it consisted of ≥50 cells.

Microhomology assay
-------------------

The microhomology assay was performed as described ([@gks1326-B46]). The pDVG94 plasmid (2.5 μg) was restriction digested with *EcoRV* and *AfeI*, purified and then transfected using Lipofectamine 2000. Plasmid DNA was recovered 48 h after transfection using a modified Qiagen mini-preparation protocol ([@gks1326-B10]). The repaired junctions were PCR amplified using FM30 and 5′-radiolabeled DAR5 primers. The resultant radioactive PCR products were treated with *BstXI*, and the restriction digested PCR products were separated on a 6% Tris/Borate/ethylenediaminetetraacetic acid polyacrylamide gel. The gel was subsequently dried and exposed to X-ray film for ∼10--15 min.

DAR5:

5′-TGCTTCCGGCTCGTATGTTGGTTGGAAT-3′

FM30:

5′-CTCCATTTTAGCTTCCTTAGCTCCTG-3′

Complementation
---------------

A wild-type LIGIV cDNA and a wild-type LIGIV cDNA with a hemagglutinin (HA)-epitope tag fused in-frame at the C-terminal end were constructed. These cDNAs were cloned into pcDNA3.1(+) using *BamHI* and *EcoRI*. The constructs were subsequently linearized in the vector backbone with *PvuI* and transfected into LIGIV-null cells. Forty-eight hours after transfection, the cells were subcultured under limiting dilution into 96-well plates with 1 mg/ml G418. Colonies were expanded for 4--5 weeks and then complemented clones were identified by immunoblotting for LIGIV expression as described earlier in the text.

Gross chromosomal rearrangements test
-------------------------------------

G-banding cytogenetic analyses were performed in the Cytogenetics Core Laboratory at the University of Minnesota.

Telomeric fluorescence *in situ* hybridization and sub-telomeric fluorescence *in situ* hybridization
-----------------------------------------------------------------------------------------------------

For telomeric fluorescence *in situ* hybridization (tFISH), cells were treated with AdCre and left to grow for 3 days. On day 3, cells were treated with 10 µg/mL colcemid for 2 h, harvested and prepared using the manufacturer's (Dako; tFISH kit) protocol. FISH was performed using a protein:nucleic acid telomere-specific probe \[Cy3 conjugated to (T~2~AG~3~)~3~\] in accordance with manufacturer's protocol (Dako). Coverslips were mounted using Prolong Gold Antifade reagent, and metaphases were viewed using an Olympus FluoView FV1000 BX2 upright confocal microscope at the University of Minnesota Imaging Center. tFISH signals were analysed by hand, and the signal-free ends were scored blindly.

For sub-tFISH, cells were processed precisely as described earlier in the text with only the hybridization probes being different. Sub-telomeric probes against 1q, 4p, or, as a control, to the centromeric region of chromosome 6 were diluted to 1× in hybridization buffer (HB500L) and applied to slides according to the manufacturer (Cytocell). Hybridization, viewing and scoring were carried out as described earlier in the text.

TRF2^ΔBΔM^ expression
---------------------

HEK 293 cells stably expressing retroviral envelope protein were plated into six-well plates 30 h before transfection such that at the time of transfection they were ∼50% confluent. The HEK 293 cells were then transfected with pLPC-TRF2^ΔBΔM^ vector ([@gks1326-B47]) using Lipofectamine 2000 (Invitrogen). Twelve hours after transfection, the DMEM media was exchanged. The virus-containing supernatant was collected 72 h after transfection and filtered through a 0.45 μm filter. This virus-containing media, supplemented with 15% fetal calf serum and polybrene (4 μg/ml) was added to the target cells, which had been subcultured a day before infection. The cells were maintained with virus for 120 h and then harvested for analysis.

Cre recombination of the Ku86 conditionally null cell lines
-----------------------------------------------------------

Ku86-null HCT116 cells were generated when needed as described ([@gks1326-B24]). Briefly, Ku86^flox/−^ cells were first subcultured in six-well plates at 5 × 10^4^ cells/well, and 16--18 h later, 5 × 10^8^ adenoviral particles (AdCre or AdCMV; Vector Development Laboratories) were added in 2 ml media. After 3 days of incubation, cells were harvested and used for sub-tFISH analysis as described earlier in the text.

RESULTS
=======

Inactivation of LIGIV in the HCT116 cell line
---------------------------------------------

rAAV gene-targeting methodology was used to inactivate the LIGIV gene in the HCT116 colorectal carcinoma cell line ([@gks1326-B41],[@gks1326-B42]). This cell line has been used extensively for similar gene-targeting studies ([@gks1326-B48]). The cell line is immortalized, transformed and mismatch repair defective ([@gks1326-B49; @gks1326-B50; @gks1326-B51]). However, the cell line is also mostly diploid, has a stable karyotype and is wild-type for almost all other DNA repair and checkpoint genes ([@gks1326-B48]). The LIGIV gene is located on chromosome 13 and encompasses three exons. However, as the LIGIV coding sequence resides only in exon 3, we disrupted the first 302 bp of coding sequence within that exon by replacing it with the neomycin phosphotransferase (NEO) gene. The relevant rAAV-targeting vector (rAAV^LIGIV^) consisted of two ∼900-bp long homology arms (which, on the chromosome, flanked the 302-bp region to be deleted) and a NEO selection cassette, which was itself flanked by locus-of-crossover for bacteriophage P1 (LoxP) sites ([Figure 1](#gks1326-F1){ref-type="fig"}A). Figure 1.The targeting strategy and the primers used for the LIGIV knockout. (**A**) The black rectangle represents the first 302 bp of LIGIV coding sequence, which resides in the third exon and which was replaced by the NEO gene using rAAV-mediated gene targeting. The gray rectangles represent the ∼900 bp of homology arms flanking the targeting region. The black triangles represent LoxP sites. (**B**) Primers used for the second round of screening. The P1F/P2R primer set gives different-sized PCR products depending on the allelic states of the LIGIV gene; 681 bp for the wild-type allele, 2595 bp for the NEO-targeted allele and 449 bp for a Cre-treated allele. Under the PCR conditions used here with a short extension time, the 2595-bp product was not generated. (**C**) PCR screening. \#130-26 is one of the LIGIV^+/NEO^ (+/NEO) subclones. Cre1 is a G418-sensitive LIGIV heterozygous cell (+/−) generated by Cre-recombination of \#130-26. Cre1 was used for the second round of targeting. Cell lines \#69 and \#198 are retargeted clones (+/NEO) from the second round of gene targeting. Clone \#312 is LIGIV^−/−^ (−/−), and \#417 is an example of a LIGIV^+/−^ (+/−) clone that suffered a random integration during the second round of gene targeting. (D) Western blot analysis confirmed that clone \#312 is a LIGIV^−/−^ (−/−) cell. Cre1 is described in (C) and is a LIGIV heterozygous cell (+/−). Clone \#160 is analogous to clone \#417 in (C) and is a LIGIV^+/−^ clone (+/−) that suffered a random integration during the second round of gene targeting. The parental HCT116 (WT) cell line was used as a positive control. Actin was used as a loading control.

HCT116 cells were infected with the rAAV^LIGIV^ vector, and in the first round of targeting, 177 G418-resistant clones were subsequently screened by PCR using primers that were specific to the targeting vector and a unique sequence in the flanking DNA. Two correctly targeted clones (\#130 and \#163) were identified for a relative gene targeting efficiency of 1.1% (2/177), which is similar to the frequencies reported for other rAAV-mediated gene targeting studies using basic vectors ([@gks1326-B42],[@gks1326-B48]). The isolated clones were subsequently subcloned to ensure that they originated from a single cell. One of the subclones (\#130-26) was designated as LIGIV^+/NEO^ and then treated transiently with a Cre-recombinase expression vector to remove the NEO selection cassette (which is flanked by LoxP sites; [Figure 1](#gks1326-F1){ref-type="fig"}A). A G418-sensitive derivative subclone was obtained from this protocol and renamed as LIGIV^+/−^ or Cre1. Cre1 cells were then subjected to a second round of gene targeting---using the same rAAV^LIGIV^ vector that had been used in the first round---to inactivate the remaining wild-type allele. In the second round of gene targeting, a total of 673 clones were screened, and 16 correctly targeted clones were obtained (relative gene targeting frequency: 2.4%). Fifteen of these clones were retargeted to the already inactivated allele and were therefore still heterozygous. Only one clone (\#312, see later in the text) was targeted at the remaining wild-type allele and was designated as LIGIV^NEO/−^. This clone was subsequently converted into a LIGIV^−/−^ cell line by transient treatment with the Cre recombinase to remove the NEO selection cassette as described earlier in the text.

For the second round of screening, a primer set was used that could distinguish the three possible different LIGIV allelic states: a wild-type allele, a NEO-targeted allele and the Cre-treated allele with a residual single LoxP site. These three configurations generated 681, 2595 and 449-bp PCR products, respectively ([Figure 1](#gks1326-F1){ref-type="fig"}B). Retargeted clones, where the targeting construct integrated into the previously inactivated allele, had a diagnostic pattern where the 449-bp PCR product derived from the Cre-treated allele disappeared but where the 681-bp PCR product representative of the wild-type allele was still present (e.g. clones \#69 and \#198, [Figure 1](#gks1326-F1){ref-type="fig"}C). In contrast, randomly targeted second round clones still retained both the 449 and 681-bp PCR products in a manner unchanged from the parental Cre1 clone (e.g. clones \#417 and Cre1, [Figure 1](#gks1326-F1){ref-type="fig"}C). Apart from all these clones was the pattern generated by clone \#312, which did not produce the 681-bp PCR fragment from the wild-type allele but did generate the 449-bp PCR product originating from the Cre-treated allele, suggesting that it was a true null clone (clone \#312, [Figure 1](#gks1326-F1){ref-type="fig"}C). In this PCR analysis, only a 2 min extension time was used; therefore, the 2595-bp product resulting from amplification of the NEO-containing targeted allele was not detected ([Figure 1](#gks1326-F1){ref-type="fig"}C). Subsequently, we confirmed that the founding LIGIV^+/−^ cell lines, Cre1 and \#160, have reduced amounts of LIGIV protein in comparison with the parental strain and that the LIGIV^−/−^ cell line, \#312, expressed no LIGIV protein detectable by western blot analysis ([Figure 1](#gks1326-F1){ref-type="fig"}D). From these molecular and biochemical analyses, we concluded that clone \#312 corresponded to a viable LIGIV-null (LIG4^−/−^) cell line, and this demonstrated that LIGIV is not essential in the HCT116 genetic background.

A LIGIV deficiency causes a mild growth defect
----------------------------------------------

Three thousand cells corresponding to each of the parental (i.e. LIGIV^+/+^), LIGIV^+/−^ (Cre1 or \#160) or LIG4^−/−^ cell lines were seeded on a six-well plate on day 0, and the growth of cells from day 6 to 10 was determined. LIGIV^+/−^ cells grew at a rate that was slightly, but significantly, reduced from the parental cell line (except on day 10) demonstrating that there is a mild haploinsufficiency associated with LIGIV ([Figure 2](#gks1326-F2){ref-type="fig"}A). Moreover, LIGIV^−/−^ cells grew slower than either of the two LIGIV^+/−^ cell lines, especially at earlier time points ([Figure 2](#gks1326-F2){ref-type="fig"}A). The growth defect associated with the LIGIV-null cell line, however, in contrast to the growth defect reported for DNA-PK~cs~ ([@gks1326-B52]), another key C-NHEJ gene, was in comparison mild. Figure 2.The growth properties and etoposide sensitivity of LIGIV-null cells. (**A**) The LIGIV^−/−^ cell line has a mild growth defect. On day 0, 3000 cells were seeded into six-well plates, and the cells were counted from day 6 to 10. Wild-type (LIGIV^+/+^), \#312 (LIGIV^−/−^) and Cre1 and \#160 (both LIGIV^+/−^) were assessed. The data shown here represent the average of six counts derived from four independent sets of duplicates excluding the maximum and minimum values. (**B**) LIGIV^−/−^ cells are extremely sensitive to etoposide. On day 0, 300--50 000 cells (depending on the cell line and drug concentration) were subcultured with different concentrations of etoposide. Ten to fourteen days later, the cells were fixed with methanol:acetic acid and stained with crystal violet. The number of colonies that survived at different concentrations of etoposide was normalized by the survivability of untreated cells, which was set as 1. Cell line designations are defined in (A). In addition, clone \#1 (LIGIV^+/+^) also has a wild-type genotype and clone 70-32 is an etoposide-sensitive Ku86^+/−^ HCT116 cell line that were used as additional positive controls. Each value represents the average of two independent experiments. (**C**) Complementation partially rescues the etoposide sensitivity of LIGIV^−/−^ cells. Etoposide sensitivity was preformed as described in (B). The complemented cell lines and their level of expression of LIGIV are described in the text.

LIGIV^−/−^ cells are extremely sensitive to DNA damaging agents
---------------------------------------------------------------

The first LIGIV patient described in the literature developed leukemia, but she actually died from an extreme adverse response to the radiation treatment for this cancer and not from the leukemia itself ([@gks1326-B35]). To experimentally determine whether this effect could be recapitulated in our somatic cell model, we carried out colony forming assays in the presence or absence of etoposide, a topoisomerase II inhibitor and a strong radiomimetic drug ([@gks1326-B53]) ([Figure 2](#gks1326-F2){ref-type="fig"}B). Positive control cell lines included the parental, wild-type cell line and clone \#1, which was a randomly targeted clone from the first round of gene targeting that therefore retained the LIGIV^+/+^ genotype. As negative controls, a clone, \#70-32, which has a Ku86^+/−^ genotype and is known to be slightly etoposide-sensitive ([@gks1326-B30]), was used. Compared with the wild-type and randomly targeted clone \#1, the LIGIV^+/−^ clone showed a mild hypersensitivity comparable with that of the Ku86^+/−^ cell line ([Figure 2](#gks1326-F2){ref-type="fig"}B). In stark contrast, the LIGIV^−/−^ cell line was extraordinarily sensitive to even low concentrations of etoposide ([Figure 2](#gks1326-F2){ref-type="fig"}B). Thus, as expected, LIGIV is required for the repair of etoposide-induced DNA DSBs.

A LIGIV deficiency induces genomic instability
----------------------------------------------

One of the deleterious consequences of unrepaired DNA DSBs is genomic instability, which predisposes cells to cancer ([@gks1326-B43],[@gks1326-B54]). Because LIGIV is essential for C-NHEJ activity, we expected that LIGIV^−/−^ cells might be genomically unstable, and tested this by measuring karyotypic abnormalities using standard G-banding of metaphase chromosomes. The parental HCT116 wild-type cell line shows four pre-existing karyotypic aberrations: (i) a duplication on one of the chromosome 10s; (ii) a translocation involving chromosome 16; (iii) a translocation involving chromosome 18; and (iv) the variable retention of the Y chromosome \[[Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1) and [Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1); ([@gks1326-B51],[@gks1326-B55])\]. Twenty metaphases from three independent LIGIV heterozygous clones were analysed: \#163-7 and \#130-26 ([Supplementary Figure S1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1)) are two LIGIV^+/−^ subclones obtained from the first round of targeting, whereas \#69 is one of the second-round retargeted LIGIV^+/NEO^ clones ([Figure 1](#gks1326-F1){ref-type="fig"}C). Collectively, the LIGIV^+/−^ cells showed an average of 10% (range of 0--20%) gross chromosomal rearrangements/abnormalities, which was almost the same as that of the parental cell and similar to what has been reported previously for the HCT116 cell line \[[Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1); ([@gks1326-B29],[@gks1326-B52])\], suggesting that there is no haploinsufficiency for genomic instability, despite the slower cell growth. In contrast, the LIGIV^−/−^ cell line had a 4-fold higher gross chromosomal rearrangement rate of 42.5%, suggesting that LIGIV is a suppressor of genomic instability ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1) and [Supplementary Figure S1C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1)). In addition, 55% of all LIGIV^−/−^ metaphases contained cytologically detectable, non-clonal chromosome or chromatid breaks ([Supplementary Figure S1D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1)), which was 5-fold elevated over the parental cell line. From these experiments, we concluded that although LIGIV^−/−^ cells are viable, they are also genetically unstable.

LIGIV^−/−^ cells show an increased use of microhomology during DNA end joining
------------------------------------------------------------------------------

The A-NHEJ DNA DSB repair pathway is generally only detectable when C-NHEJ is deficient. Indeed, microhomology-mediated end joining (the hallmark repair signature of A-NHEJ) is increased in the 180BR cell line, which was derived from a LIGIV patient ([@gks1326-B56]). To see whether these attributes could be extended to our cell line, we tested the DNA end-joining activity of LIGIV^−/−^ cells using a reporter substrate, pDVG94, that can differentiate C-NHEJ and A-NHEJ products ([@gks1326-B10],[@gks1326-B46],[@gks1326-B57]). Digestion of pDVG94 with *EcoRV* and *AfeI* restriction enzymes generates a blunt-ended linear substrate that has 6-bp repeats of homologous sequence (ATCAGC) at both ends ([Figure 3](#gks1326-F3){ref-type="fig"}A, left panel). When this substrate is transfected into mammalian cells, it can be joined by either C-NHEJ or A-NHEJ, but only when it is repaired by A-NHEJ will a novel *BstXI* restriction recognition site be generated ([Figure 3](#gks1326-F3){ref-type="fig"}A, left panel). Consequently, this linear substrate was transfected into cells and recovered 48 h later. Repaired junctions were amplified by PCR with radiolabeled primers, and the resulting 180-bp radiolabeled PCR products were digested with *BstXI*. The amount of 180-bp uncut product represents the repair carried out by C-NHEJ, whereas the 120-bp *BstXI*-digested product corresponds to repair by A-NHEJ ([Figure 3](#gks1326-F3){ref-type="fig"}A, right panel). Wild-type cells had only 0.2% A-NHEJ activity ([Figure 3](#gks1326-F3){ref-type="fig"}B, lane 2), consistent with previous analyses ([@gks1326-B10]). In contrast, \>99% of the repair in LIGIV^−/−^ cells was A-NHEJ mediated ([Figure 3](#gks1326-F3){ref-type="fig"}B, lane 4). Based on these results, we concluded that LIGIV is the major, if not exclusive, C-NHEJ pathway ligase and that in the absence of LIGIV cells use the A-NHEJ pathway of DSB repair. Figure 3.LIGIV^−/−^ cells use microhomology for DSB repair. (**A**) Left Panel. After *EcoRV* and *AfeI* restriction enzyme digestion, the reporter substrate, pDVG94, becomes a blunt-ended linear plasmid with 6-bp direct repeats at both ends. Repair of the plasmid via C-NHEJ retains part of both repeats, whereas A-NHEJ generates only a single repeat, which can be subsequently cleaved by *BstXI*. Right Panel. Repaired plasmids can be isolated and the resulting junctions can then be amplified by PCR using radiolabeled primers to generate a 180-bp PCR product, which can be subjected to *BstXI* digestion. The ∼180-bp uncut product represents repair via C-NHEJ, whereas the 120-bp digested product represents A-NHEJ-mediated repair. (**B**) LIGIV^−/−^ cells are virtually devoid of C-NHEJ end-joining activity. The assay described in (A) was carried out, and the products were separated by gel electrophoresis and analysed by autoradiography. The indicated samples are arranged in pairs without (−) and with (+) *BstXI* digestion. Below each *BstXI* digested lane is the percentage of A-NHEJ used during repair based on densitometric quantitation of the autoradiogram. In LIGIV^−/−^ cells, virtually the entire repair is mediated by A-NHEJ (lane 4). After complementation (lanes 6, 8, 10, and 12), the ratio between the 180- versus 120-bp products becomes more similar to that of wild-type (lane 2), indicating the restoration of functional C-NHEJ activity in the complemented cells.

Complementation experiments using the re-expression of a wild-type LIGIV cDNA
-----------------------------------------------------------------------------

To confirm that the phenotypes we observed in LIGIV^−/−^ cells were owing to the absence of LIGIV, we attempted to rescue the LIGIV^−/−^ cells using the expression of a LIGIV cDNA. A wild-type LIGIV cDNA was cloned into the pcDNA3.1(+) mammalian expression vector with or without an HA epitope tag. These constructs were transfected into the LIGIV^−/−^ cells, and G418-resistant colonies were screened by immunoblot analysis for the expression of LIGIV. Four clones, two each for each of the cDNAs, were used for further characterization. Clones \#14 and \#57 expressed untagged wild-type LIGIV, whereas clones \#17 and \#52 were complemented with the HA epitope-tagged wild-type LIGIV. Clones \#14, \#52 and \#57 showed higher levels of LIGIV expression than clone \#17, whose expression was detectable only with an HA antibody ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1)). Correspondingly, the highest LIGIV-expressing clones (\#14, \#52 and \#57) showed better (albeit not wild-type levels) of complementation for etoposide sensitivity than clone \#17; however, all of the clones were significantly more resistance than the null cell line ([Figure 2](#gks1326-F2){ref-type="fig"}C). In addition, we tested the DNA end-joining activity of the complemented clones. All four clones showed a significant rescue towards the wild-type profile (i.e. reduced A-NHEJ activity; [Figure 3](#gks1326-F3){ref-type="fig"}B, lanes 6, 8, 10 and 12) in comparison with the null clone ([Figure 3](#gks1326-F3){ref-type="fig"}B, lane 4). Again, the three highest LIGIV-expressing clones (clones \#14, \#52 and \#57) showed much better levels of complementation ([Figure 3](#gks1326-F3){ref-type="fig"}B, lanes 6, 8 and 12) than clone \#17 ([Figure 3](#gks1326-F3){ref-type="fig"}B, lane 10). The ability to complement the etoposide sensitivity and repair defects of the LIGIV-null cell line by the re-expression of a LIGIV cDNA strongly suggests that the phenotypes of this cell line are due specifically to the loss-of-function of LIGIV.

The absence of LIGIV has a modest stimulatory effect on the frequency of correct gene targeting
-----------------------------------------------------------------------------------------------

In the course of generating the LIGIV-null cell line, we noted that the recovery of correctly targeted clones during the second round of targeting (when the LIGIV levels had already been reduced to 50%) was 2.0-fold greater than during the first round of targeting (when LIGIV levels were still at 100%): 2.2% targeting in the second round versus 1.1% in the first round. This subtle enhancement implied that the absence of LIGIV (and consequently C-NHEJ) might improve gene-targeting frequency. To extend this observation, a rAAV-mediated gene-targeting experiment was carried out at an independent locus (Ku70) in LIGIV heterozygous cells, but no statistically significant improvement in the relative gene-targeting frequency was observed ([Table 1](#gks1326-T1){ref-type="table"}). Nonetheless, we then extended these studies in the LIGIV-null background to three disparate loci: hypoxanthine-guanine phosphoribosyl transferase (HPRT), RAD54B (see also later in the text) and Ku70. Reproducibly, a 2- to 3-fold increase in the relative gene-targeting frequency was observed ([Table 1](#gks1326-T1){ref-type="table"}). Thus, the absence of LIGIV does appear to enhance the relative frequency of rAAV-mediated gene targeting, although the effect is modest, and it is substantially weaker than that observed in cells with Ku loss-of-function mutations ([@gks1326-B30]). Table 1.Relative gene targeting frequency in LIGIV-deficient cell linesTargetHPRTRAD54BKu70Cell line    LIGIV^+/+^1.01.01.0    LIGIV^+/−^n.a.[\*](#gks1326-TF1){ref-type="table-fn"}n.a.[\*](#gks1326-TF1){ref-type="table-fn"}1.1    LIGIV^−/−^1.92.43.2[^2]

Synthetic lethality with RAD54B loss-of-function mutations
----------------------------------------------------------

RAD54 is an important HR factor with ATP-dependent chromatin remodeling activity ([@gks1326-B58]). Mammals contain two RAD54 genes (RAD54 and RAD54B), neither of which is essential ([@gks1326-B59]). Although loss-of-function mutations in either gene produce relatively mild deficits in the mouse, the combined inactivation of both genes greatly impairs HR ([@gks1326-B59]). In human HCT116 cells, the RAD54B gene has been inactivated by gene targeting, and although the gene is non-essential, its absence alone impairs HR ([@gks1326-B60]). Given that neither LIGIV nor RAD54B are essential genes, we decided that it might be possible to inactivate both genes (and, perforce, C-NHEJ and HR) and construct an 'A-NHEJ-only' human cell line. To this end, we disrupted the RAD54B gene in the LIGIV-null cell line. This experiment was complicated by the fact that HCT116 cell line has three copies of the Rad54B gene owing to a duplication on chromosome 10 ([@gks1326-B60]), which necessitated three rounds of gene targeting. Undeterred, we sequentially generated LIGIV^−/−^:RAD54B^+/+/+^ \> LIGIV^−/−^:RAD54B^+/+/−^ \> LIGIV^−/−^:RAD54B^+/−/−^\> and finally LIGIV^−/−^:RAD54B^−/−/−^ cells via rAAV-mediated gene targeting. In the final round of targeting, 11 correct targeting events were recovered ([Table 2](#gks1326-T2){ref-type="table"}A). Ten of those events were re-targeting events, but one clone corresponded to the desired LIGIV^−/−^:RAD54B^−/−/−^ genotype. Unfortunately, however, that clone grew extremely slowly, and within a month, the clone died without ever expanding beyond a single well of a 96-well plate ([Table 2](#gks1326-T2){ref-type="table"}). To confirm that the absence of RAD54B by itself was not lethal, we carried out a parallel RAD54B knockout experiment in a Ku86 conditionally null \[Ku86^flox/−^; ([@gks1326-B24])\] background. After the third round of targeting, seven clones were recovered. Two of these corresponded to re-targeting events, whereas the other five clones, all of which grew normally, were the desired Ku86^flox/−^:RAD54B^−/−/−^ genotype ([Table 2](#gks1326-T2){ref-type="table"}B). The Rad54B retargeting frequencies in Ku86^flox/−^:RAD54B^+/−/−^ and LIGIV^−/−^:RAD54B^+/−/−^ cells were significantly different (*P* = 0.013), and confirmed ([@gks1326-B60]) that the absence of RAD54B by itself is not lethal. Moreover, the combined gene-targeting experiments ([Table 2](#gks1326-T2){ref-type="table"}) suggested that the dual absence of LIGIV and RAD54B is synthetically lethal. Thus, although HCT116 cells lacking C-NHEJ (LIGIV^−/−^) or HR (RAD54B^−/−/−^) are viable, an 'A-NHEJ only' cell line is not. Table 2.Summary of the Rad54B gene targeting frequency in LIGIV-null and Ku86-conditional null cell linesTargeted cell typeG418 positiveCorrect targetingTargeting frequency (%)Retargeted cloneLIGIV-null HCT116    Rad54B^+/+/+^3438.8--    Rad54B^+/+/−^911213.28    Rad54B^+/−/−^232114.710\*Ku86 conditional-null HCT116    Rad54B^+/+/+^7034.3--    Rad54B^+/+/−^229125.25    Rad54B^+/−/−^12175.82[^3]

Loss of Ku86 induces LIGIV-independent sister chromatid fusions
---------------------------------------------------------------

In a previous study using the Ku86^flox/−^ cell line, we observed that the removal of all Ku86 expression from the HCT116 cell line resulted in rapid telomere loss and the apparent high frequency fusion of sister chromatids ([@gks1326-B24],[@gks1326-B25]). Where it has been examined, telomere fusions in mammalian cells generally \[see, however, ([@gks1326-B61],[@gks1326-B62]) for reports to the contrary\] are mediated by LIGIV. This includes instances where telomeres from one chromosome are fusing to another chromosome ([@gks1326-B63; @gks1326-B64; @gks1326-B65]), as well as instances where the sister chromatids are fused ([@gks1326-B66]). Thus, it seemed plausible that the sister chromatid fusions in Ku86-null cells would also be mediated by LIGIV. Therefore, a Ku86^flox/−^:LIGIV^−/−^ cell line was constructed by rAAV-mediated gene-targeting using the same rAAV^LIGIV^ vector used to generate the single mutant LIGIV^−/−^ cell line. In the first round of targeting, 156 G418-resistant clones were screened by PCR, and one correctly targeted clone was identified for a relative gene-targeting efficiency of 0.6% (1/156). This clone was treated with Cre recombinase to remove the G418-resistance gene and subsequently re-infected to inactivate the second LIGIV allele. In the second round of targeting, 5 of 164 G418-resistant clones were correctly targeted (for a relative gene-targeting efficiency of 3.1%; 5/164), among which three were re-targeted and two were null. One of the Ku86^flox/−^:LIGIV^NEO/−^ clones was again treated with the Cre recombinase to generate a Ku86^flox/−^:LIGIV^−/−^ clone.

The Ku86^flox/−^:LIGIV^−/−^ and, as a control, Ku86^flox/−^ cells were subsequently re-infected with AdCre virus to convert the cells to a Ku86-null state, and 72 h after the infection, the cells were arrested at metaphase and the chromosome spreads were then analysed by FISH using a sub-telomeric probe to chromosome 1q and 4p, which are homologous to sequences located 80 and 73 kb, respectively, centromeric to the telomere. We predicted that if the sister chromatids of Ku86-null cells do fuse, that the discrete, side-by-side two-spots of hybridization (i.e. 'doublets'; [Figure 4](#gks1326-F4){ref-type="fig"}C, D and G) expected in a normal metaphase might be replaced by a single spot of hybridization (i.e. 'singlets'; [Figure 4](#gks1326-F4){ref-type="fig"}B, E, H and I), owing to the physical proximity of the fused sub-telomeric regions. This is a prediction that has been validated by experimentation in other laboratories ([@gks1326-B66],[@gks1326-B67]). An increased incidence of singlets was observed in Ku86^flox/−^ cells treated with AdCre (i.e. Ku86^−/−^; [Figure 4](#gks1326-F4){ref-type="fig"}E and F). Eighteen metaphases of Ku86^−/−^:LIGIV^−/−^ cells were then analysed for telomeric fusions at chromosome 1q. Surprisingly, the absence of LIGIV had no difference on the frequency of singlet 1q signals ([Figure 4](#gks1326-F4){ref-type="fig"}F through I). Overall, in wild-type (i.e. Ku86^+/+^:LIGIV^+/+^) cells, 9.2% singlets---denoting a sister chromatid fusion---were detected, and this increased to 17.4% in untreated Ku86^flox/−^ cells ([Figure 4](#gks1326-F4){ref-type="fig"}F). In contrast, in Ku86^−/−^ cells, sister chromatid fusions were observed 52.2% of the time, which was similar to the 47.2% of singlets observed in Ku86^−/−^:LIGIV^−/−^ cells ([Figure 4](#gks1326-F4){ref-type="fig"}F). Thus, sister chromatid fusions in Ku86^−/−^ cells appeared to occur independently of LIGIV (and, consequently, C-NHEJ). Figure 4.Cytological evidence for LIGIV-independent sister chromatid telomere fusions in human Ku86-null cells. (**A**) A probe homologous to the centromeric portion of chromosome 6, which served as a hybridization control. (**B**) Human subtelomeric probes to 1q (green) and 4p (red) in a Ku86-null metaphase cell, where only four signals are seen instead of the expected eight. (**E**, **H** and **I**) Close-ups of metaphase chromosomes stained with the 1q subtelomeric probe, which are suggestive of the sisters being fused. (**C**, **D** and **G**) Close-ups of metaphase chromosomes stained with the 1q sub-telomeric probe, which are suggestive of the sisters not being fused. Images A and D are derived from Ku86^flox/−^ cells. Images B and E are derived from Ku86-null cells. Image C comes from a wild-type (Ku86^+/+^:LIGIV^+/+^) cell line, whereas images G through I are derived from Ku86:LIGIV doubly null cells. (**F**) Quantitation of the frequency of single-spot versus two-spot subtelomeric signals using the 1q probe. The blue bar corresponds to wild type cells; the red bar to Ku86^flox/−^ cells not treated with AdCre; the green bar to Ku86-null cells and the purple bar to Ku86^−/−^:LIGIV^−/−^cells. Eighteen to forty-five metaphase images were scored for each data set.

The expression of TRF2^ΔBΔM^ induces LIGIV-dependent chromosome fusions
-----------------------------------------------------------------------

The lack of an impact owing to the absence of LIGIV on telomeric fusions induced by the loss-of-function of Ku86 was unexpected. Thus, as an additional control, we investigated an aspect of telomere fusions where LIGIV was anticipated to have a larger role. Shelterin, a complex of six core proteins, binds to and protects mammalian telomeres ([@gks1326-B19],[@gks1326-B20]). TRF2 is a key Shelterin component, and the de Lange laboratory has demonstrated that the expression of TRF2^ΔBΔM^, a dominant-negative form of TRF2, interferes with telomere binding of endogenous TRF2, resulting in LIGIV-dependent chromosome (telomere) fusions in murine cells ([@gks1326-B64]). To see whether this effect could be observed in human cells, wild-type and LIGIV^−/−^ HCT116 cells were infected with either a control retrovirus (pLPC) or one expressing TRF2^ΔBΔM^, and 120 h after infection, the cells were arrested at metaphase, hybridized with a telomere-specific probe and analysed by FISH. In either the wild-type (green bars) or wild-type cells infected with the control pLPC retrovirus (red bars), few sister chromatid ([Figure 5](#gks1326-F5){ref-type="fig"}C) or chromosome fusions ([Figure 5](#gks1326-F5){ref-type="fig"}D) were observed. In striking contrast, when TRF2^ΔBΔM^ was expressed in wild-type cells, 10% of cells contained sister:sister chromatid fusions and 66.7% of cells had chromosome:chromosome fusions ([Figure 5](#gks1326-F5){ref-type="fig"}A panels i and ii, 5B, 5C--D, blue bars). Impressively, in TRF2^ΔBΔM^-expressing LIGIV^−/−^ cells, the frequency of cells carrying chromosome fusions was significantly reduced from 66.7 to 22.5% ([Figure 5](#gks1326-F5){ref-type="fig"}A panels iii and iv, 5F), and the number of fusions per cell was also greatly reduced (compare [Figure 5](#gks1326-F5){ref-type="fig"}F with D). In addition, the number of sister:sister chromatid fusions was also reduced in the TRF2^ΔBΔM^-expressing LIGIV^−/−^ cells. Overall, these results confirmed that the loss of functional TRF2 in human cells stimulates chromosome fusions ([@gks1326-B64],[@gks1326-B68]) and demonstrates that they are LIGIV dependent. Figure 5.LIGIV-dependent chromosome fusions induced by TRF2^ΔBΔM^ were monitored by FISH analysis with a telomere-specific Cy3-(C~3~TA~2~)~3~ protein--nucleic acid probe. Telomeres are seen as red dots, and metaphase chromosomes are stained blue. (**A**) i and ii are metaphase chromosome spread examples of wild-type HCT116 cells expressing TRF2^ΔBΔM^, whereas iii and iv are two independent examples of LIGIV^−/−^ cells expressing TRF2^ΔBΔM^. (**B**) From the metaphase spreads (i and ii) shown in (A), a few chromosomes are enlarged to highlight the frequent telomere fusions. (**C--F**) The number of sister chromatid and chromosome fusions were plotted as a percentage scale. The blue bars represent cells expressing a dominant-negative TRF2 (TRF2^ΔBΔM^). Red and green bars stand for retroviral vector-only expressing (Vector only) and uninfected (Uninfected) cells, respectively. In (C) and (D), 30, 16 and 27 wild-type metaphase cells were scored for TRF2^ΔBΔM^, Vector only and Uninfected, respectively. In (E) and (F), 40, 13 and 34 LIGIV^−/−^ metaphase cells were analysed for TRF2^ΔBΔM^, Vector only and Uninfected, respectively.

DISCUSSION
==========

In this study, we generated a viable LIGIV^−/−^ HCT116 cell line using rAAV-mediated gene-targeting methodology. The successful inactivation of LIGIV in the HCT116 cell line, which is less reliant on HR than the NALM-6 cell line ([@gks1326-B39]), suggests that LIGIV is not essential for the viability of human somatic cells, regardless of the cell type ([@gks1326-B40],[@gks1326-B43]). With that said, we were initially surprised at the large bias toward retargeting at the already-inactivated locus (15 events) compared with targeting of the wild-type locus (one event), during the construction of the LIGIV-null cell line. Such a disequilibrium in the gene-targeting frequency is usually indicative of genes that provide a significant growth disadvantage when absent ([@gks1326-B30],[@gks1326-B52],[@gks1326-B69]), as multiple independent studies using rAAV-mediated gene knockout strategies have demonstrated that there is no allelic preference in gene targeting ([@gks1326-B70; @gks1326-B71; @gks1326-B72; @gks1326-B73]). Inconsistent with this view, however, is the fact that the LIGIV-null cell line displays only mild growth defects ([Figure 2](#gks1326-F2){ref-type="fig"}A). In contrast, when DNA-PK~cs~ was inactivated in the HCT116 cell line not only was a highly skewed second round gene-targeting frequency (1 of 17) obtained but the resulting DNA-PK~cs~-null cell line showed a severe proliferation defect with a cell doubling time on the order of ∼40 h ([@gks1326-B52]). Lastly, when LIGIV was inactivated in a Ku86^flox/−^ genetic background, no bias in gene targeting was observed (two null clones from five second round events), and these two clones, like the LIGIV-null single mutant cell line, showed near wild-type growth characteristics (data not shown). In summary, we conclude that although cells lacking LIGIV are likely to be at a disadvantage for growth and survival in comparison with LIGIV-proficient cells, LIGIV is non-essential.

As LIGIV is absolutely required for C-NHEJ, it would be logical to extrapolate our results to conclude that C-NHEJ is also non-essential in human somatic cells. Confusing this interpretation, however, is the observation that two other major C-NHEJ components, Ku70 and Ku86, are essential in human somatic cells ([@gks1326-B30],[@gks1326-B74]). We believe this discrepancy is owing to the fact that LIGIV likely functions exclusively in C-NHEJ, whereas Ku has additional (essential) roles in homeostatic telomere maintenance ([@gks1326-B24],[@gks1326-B25]). Unlike LIGIV, murine Ku70 and Ku86 are physically associated with telomeres ([@gks1326-B17],[@gks1326-B21]), and once either Ku subunit is depleted, the telomeres shorten and then fuse ([@gks1326-B17]). In human cells, a Ku86 deficiency causes telomere loss, sister chromatid fusion and t-circle formation, which together eventually induce cell death within a week ([@gks1326-B24]). The lack of these phenotypes in human LIGIV-null cells implies that only Ku, but not LIGIV nor C-NHEJ, is involved in normal telomere maintenance in human cell. Consistent with these observations are the recent results demonstrating that the functional inactivation of the two LIGIV accessory factors, XLF (F. Fattah and E.A. Hendrickson, manuscript in preparation) and XRCC4 (B. Ruis and E. A. Hendrickson, manuscript in preparation) result in viable human cell lines. Thus, the preponderance of data suggests that not only is LIGIV not essential in human somatic cells but that C-NHEJ is non-essential as well.

To date, only seven LIGIV-defective patients have been reported in a world-wide population of 7 billion ([@gks1326-B36],[@gks1326-B75],[@gks1326-B76]). This dearth of patients suggests that there is a profound selective disadvantage at the organismal level to having reduced levels of, or being totally without, LIGIV. Four of the LIGIV-defective patients presented with a 'LIGIV syndrome', which is associated with chromosomal instability, pancytopenia, developmental and growth delay and dysmorphic facial features ([@gks1326-B34]). Two other patients had leukemia (i.e. cancer predisposition) ([@gks1326-B35],[@gks1326-B77]), and the last patient presented as a T^−^B^−^NK^+^ radiation sensitive SCID ([@gks1326-B76]). The LIGIV mutations in all of these patients have been characterized at the DNA level. One patient had a mutation in the putative nuclear localization signal so that the protein, which was otherwise presumably functional, was mislocalized in the cytoplasm. Other patients had hypomorphic mutations, which did not completely abolish, but significantly reduced, enzyme function ([@gks1326-B78]), and the severity of the clinical features was correlated with the level of residual LIGIV activity ([@gks1326-B77]). In summary, even though LIGIV is unequivocally dispensable for human somatic cell survival, the absence of even a single true LIGIV-null patient suggests that there is an essential role for LIGIV at the organismal level---presumably somewhere during early development. This stage may correspond to neurogenesis because two of the main clinical features of LIGIV patients are microcephaly and neurological abnormalities ([@gks1326-B34]). This view is consistent with work carried out in mice. LIGIV is essential in the mouse, and the mice succumb early in development not to any obvious defect in C-NHEJ but owing to massive neuronal cell death ([@gks1326-B79],[@gks1326-B80]). The extraordinary requirement for LIGIV during neural development is not obvious. The brain does, however, occupy only 2% of the total body weight, but consumes 20% of the cellular oxygen ([@gks1326-B81],[@gks1326-B82]). Perhaps this high oxidative stress causes more DNA DSBs in brain tissue compared with other tissues/organs, which would clearly be detrimental to cells without functional LIGIV. This speculation is at least consistent with the extreme sensitivity to DNA damaging agents ([Figure 2](#gks1326-F2){ref-type="fig"}B) and the high frequency of spontaneous chromosomal breaks ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1326/-/DC1)) observed in LIGIV-null cells, which may resemble the cells required for early neuronal development subjected to high oxidative stress. In summary, the data are compelling that LIGIV is likely essential for organismal development but dispensable for the survival of single somatic cells.

LIGIV is not required for rAAV random integrations
--------------------------------------------------

The process of gene targeting in human somatic cells has been vastly improved to the extent that virtually, any gene modification in any human cell line can be easily carried out in a standard laboratory ([@gks1326-B42],[@gks1326-B48]). Nonetheless, the frequency of correct gene targeting, where the donor DNA actually finds its cognate homologous chromosomal sequence and replaces it, still hovers around the 1--2% range, relative to all integration events. The corollary of this is that 98--99% of the targeting events correspond to the gene-targeting vector just being randomly inserted into the cell's genome. The presumption has always been that the correct gene-targeting events are mediated by HR, whereas the random events are owing to some form of end joining ([@gks1326-B44],[@gks1326-B48],[@gks1326-B83]). Despite the fact that this presumption is almost certainly true, we demonstrate here that C-NHEJ is not the end-joining pathway used for random rAAV integration events, although it may be more important for the random integration of standard double-stranded targeting vectors ([@gks1326-B44]). Instead, the frequency of correct gene targeting was only modestly improved ∼1.9- to 3.2-fold ([Table 1](#gks1326-T1){ref-type="table"}) in the LIGIV-null cell line demonstrating that the absence of LIGIV (and perforce C-NHEJ) had little impact on random rAAV integrations. This observation, by extrapolation, implies that some other form of end joining, most likely A-NHEJ, is responsible for rAAV random integrations. Indeed, in previous work characterizing rAAV-mediated gene targeting in Ku-reduced human cell lines we hypothesized that random rAAV integration events were likely mediated by A-NHEJ rather than C-NHEJ ([@gks1326-B30]); a speculation that is supported strongly by the lack of impact that LIGIV loss-of-function mutations have on gene targeting reported here. Together, these studies suggest that abrogation of A-NHEJ, perhaps via LIGIII ([@gks1326-B5; @gks1326-B6; @gks1326-B7]), might be an attractive strategy---and one, it should be added, that has significant clinical applications---to augment correct gene targeting.

Ku, and not LIGIV, is the main regulator of repair pathway choice
-----------------------------------------------------------------

The viability of LIGIV-null cells suggests that other DNA DSB pathways (i.e. HR and A-NHEJ) are sufficient to deal with the endogenous DNA DSB damage that spontaneously arises in normal cells. By extension, the synthetic lethality observed with LIGIV (C-NHEJ) and RAD54B (HR) loss-of-function mutations ([Table 2](#gks1326-T2){ref-type="table"}) implies that A-NHEJ is not sufficient. Although, this conclusion has not previously been experimentally demonstrated in humans, the result is not conceptually surprising. Thus, A-NHEJ is inherently error prone (yielding deletions) and is thought to be the mechanistic source of chromosomal translocations ([@gks1326-B84]). It seems likely that a human cell trying to survive solely via A-NHEJ would ultimately (and our data would imply much sooner rather than later) mutate itself to death. To unequivocally demonstrate this, a doubly mutant cell line containing a conditionally null allele of either LIGIV or RAD54B would be required, and we are in the process of trying to construct such a cell line so that this hypothesis can be directly addressed.

These observations, however, beg a larger question of how a normal cell that suffers a DNA DSB decides which DSB repair pathway to use to enact repair. This issue is important, as the repaired products that these pathways generate are distinctly different. Numerous recent studies have suggested that in human cells this regulatory activity resides with Ku ([@gks1326-B10],[@gks1326-B85],[@gks1326-B86]). C-NHEJ, the major DNA DSB pathway, is usually depicted as a sequential event with the first protein in the reaction mechanism, Ku, essentially acting to commit the DSB to C-NHEJ while simultaneously suppressing the access of HR and A-NHEJ factors to the DSB ([@gks1326-B10],[@gks1326-B86]). Our work is consistent with that view. Thus, in a recent study from our laboratory, the LIGIV-null cell line was shown to have lost virtually all of its end-joining activity ([@gks1326-B10]). That study and the work presented here ([Figure 3](#gks1326-F3){ref-type="fig"}) demonstrate that the miniscule residual end-joining activity that remains in LIGIV-null cells corresponds exclusively to A-NHEJ. Thus, in the presence of functional Ku, virtually, all DSB repair is apparently forced down the C-NHEJ pathway where, in LIGIV-null cells, the repair events cannot be consummated. This phenotype of LIGIV-null cells stands in stark contrast to that of Ku-reduced cells, which---while having no detectable C-NHEJ activity---actually have elevated levels of HR ([@gks1326-B87; @gks1326-B88; @gks1326-B89]) and A-NHEJ ([@gks1326-B10],[@gks1326-B56],[@gks1326-B90]). Nonetheless, it may be possible that LIGIV retains a subtle influence on pathway choice regulation. Mechanistically, this could be owing to a role for LIGIV in some of the upstream steps of C-NHEJ. Thus, LIGIV:XRCC4 has been reported to be required for C-NHEJ initiation by facilitating polymerase and nuclease activity in HeLa cell extract ([@gks1326-B89],[@gks1326-B91]), and Ku:LIGIV complexes have been implicated in DNA end-bridging reactions ([@gks1326-B92]). Moreover, in yeast, Dnl4 and Lif1, yeast orthologs of LIGIV and XRCC1, are required to stabilize NHEJ complexes and suppress HR by inhibiting resection ([@gks1326-B89]). This later activity may also be the explanation for the observed 1.9- to 3.2-fold increase in rAAV-mediated gene targeting (a HR-dependent reaction) in LIGIV-null cells discussed earlier in the text. A similar ∼2-fold increase was also observed in linearized plasmid-mediated gene targeting in LIGIV-null cells, although in this case, the authors attempted to explain the data by a reduction in random integrations ([@gks1326-B44]). Nonetheless, these enhancements are nowhere near the improved gene-targeting frequencies reported for Ku-reduced human cell lines ([@gks1326-B30]). In summary, our data are consistent with a mechanism where the bulk of the pathway choice regulation resides within the purview of Ku, but that the presence or absence of LIGIV may influence this process.

LIGIV is required for some, but not all, types of chromosome fusions following telomere dysfunction
---------------------------------------------------------------------------------------------------

One of the more interesting features of human LIGIV-deficient cells is that they are proficient for certain types of chromosome fusions following telomere dysfunction, but deficient for others. Thus, loss of functional endogenous TRF2 protein by overexpression of a TRF2^ΔBΔM^ dominant negative construct results in a high frequency of chromosome fusion events that are LIGIV dependent ([Figure 5](#gks1326-F5){ref-type="fig"}). In contrast, the sister:sister chromatid fusion events that are triggered by the removal of Ku86 are LIGIV independent ([Figure 4](#gks1326-F4){ref-type="fig"}). Our current model to explain these results proposes that TRF2 and Ku act as non-redundant impediments to chromosome fusion events (and, hence, subsequent genomic instability; [Figure 6](#gks1326-F6){ref-type="fig"}). Thus, in wild-type cells, TRF2 suppresses the LIGIV-dependent C-NHEJ pathway that often leads to chromosome:chromosome fusions ([Figure 6](#gks1326-F6){ref-type="fig"}A); an activity of TRF2's that has been well-documented by numerous laboratories ([@gks1326-B20],[@gks1326-B64],[@gks1326-B93; @gks1326-B94; @gks1326-B95]). In addition, telomeric Ku suppresses the A-NHEJ (and HR) pathways that we postulate lead to sister:sister chromatid fusions \[([@gks1326-B10],[@gks1326-B86]); [Figure 6](#gks1326-F6){ref-type="fig"}A\]. Thus, in wild-type cells, all pathways of DNA DSB repair are suppressed at telomeric ends, and any type of chromosome fusion event is unlikely. When endogenous TRF2 is removed from the telomere via TRF2^ΔBΔM^ expression, the suppression on C-NHEJ that TRF2 normally supplies is also removed, and in the presence of functional Ku and LIGIV, a high frequency of chromosome:chromosome fusions ensues ([Figure 6](#gks1326-F6){ref-type="fig"}B). Interestingly, in the presence of TRF2^ΔBΔM^, the frequency of sister:sister chromatid fusions was also slightly elevated ([Figure 5](#gks1326-F5){ref-type="fig"}C). Although, Ku has been shown to be localized to telomeres via its interaction with TRF1 ([@gks1326-B96]) or via direct binding to the telomeric DNA ([@gks1326-B23]), it is also known to interact with TRF2 ([@gks1326-B97],[@gks1326-B98]), and it may be that in the absence of functional TRF2, that there is less Ku localized at the telomeres to keep A-NHEJ completely inhibited. In contrast, when Ku86 is removed from cells, the C-NHEJ pathway is functionally inactive owing to the lack of Ku, and thus whether it is suppressed by TRF2 ([@gks1326-B98]), is irrelevant ([Figure 6](#gks1326-F6){ref-type="fig"}C). Hence, most of the telomeric events are mediated by A-NHEJ, which results in a preponderance of sister:sister chromatid fusions. That chromosome:chromosome and chromatid:chromatid fusions are mediated predominately by C-NHEJ (i.e. LIGIV) and A-NHEJ \[presumably LIGIII; ([@gks1326-B6],[@gks1326-B99])\], respectively, is consistent with the empirical observation that C-NHEJ can join ends together in a modestly conservative fashion, whereas A-NHEJ is significantly more deletion prone ([@gks1326-B6],[@gks1326-B86]). Consistent with these reaction mechanisms, most of the chromosome:chromosome fusions mediated by TRF2^ΔBΔM^ expression result in the retention of telomeric tracts at the site of fusion ([@gks1326-B100]), whereas the chromatid:chromatid fusions induced by the absence of Ku86 often lack telomeric tracts ([@gks1326-B24]). In summary, our data suggest that LIGIV is not required for normal telomere maintenance. However, in the face of certain types of telomere dysfunction, the LIGIV-dependent C-NHEJ pathway is engaged, which leads to chromosome:chromosome fusions and subsequent cell transformation or lethality. Figure 6.Model for the impact of LIGIV loss-of-function mutations on telomere dysfunction-induced telomere fusions. Chromosomal DNA is cartooned as blue or black lines. Telomeric sequences are shown as yellow or red lines. The impact of TRF2 (green oval) and Ku86 (orange rectangle) on the A-NHEJ and C-NHEJ pathways is indicated either by a purple line with a horizontal hatch (suppression) or red line with an arrowhead (activation). The resultant effect on the indicated pathway is shown by the size of the gray arrows. Chromosome fusions are cartooned as four-colored double horizontal lines, whereas sister:sister chromatid fusions are shown as bicolored U-shaped structures tipped onto their sides. (**A**) Wild-type cells. TRF2 and Ku86 are both present and suppressing C-NHEJ and A-NHEJ, respectively, and thus few fusions of any type occur. (**B**) In cells expressing TRF2^ΔBΔM^, C-NHEJ is greatly and A-NHEJ slightly, activated, respectively, resulting in a large number of chromosome:chromosome fusions and a slight increase in sister:sister chromatid fusions. (**C**) In cells lacking Ku86, the C-NHEJ pathway is not active, and a large number of sister:sister chromatid fusions accumulate.
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